Transient enhanced diffusion ͑TED͒ of boron in silica after low energy boron implantation and annealing was investigated using boron-doping superlattices ͑DSLs͒ grown by low temperature molecular beam epitaxy. Boron ions were implanted at 5, 10, 20, and 40 keV at a constant dose of 2ϫ10 14 /cm 2 . Subsequent annealing was performed at 750°C for times of 3 min, 15 min, and 2 h in a nitrogen ambient. The broadening of the boron spikes was measured by secondary ion mass spectroscopy and simulated. Boron diffusivity enhancement was quantified as a function of implant energy. Transmission electron microscopy results show that ͗311͘ defects are only seen for implant energies у10 keV at this dose and that the density increases with energy. DSL studies indicate the point defect concentration in the background decays much slower when ͗311͘ defects are present. These results imply there are at least two sources of TED for boron implants ͑B-I͒: short time component that decays rapidly consistent with nonvisible B-I pairs and a longer time component consistent with interstitial release from the ͗311͘ defects.
I. INTRODUCTION
Device miniaturization demands the fabrication of shallow ͑Ͻ1000 Å͒ p/n junctions. 1 There is much interest in using only low energy Bϩ implants to form pϩ junctions as opposed to the present use of either BF 2 ϩ implants or preamorphization via Si ϩ or Ge ϩ followed by B ϩ implantation. One of the major problems with the use of just low energy B ϩ is the transient enhanced diffusion ͑TED͒ that occurs upon post-implantation annealing. During TED the boron tail region moves significantly and boron diffusivity may be thousands of times greater than the intrinsic value. This enhancement is transient in nature because it stops within a relatively short time, e.g., tens of seconds at 900°C. 2 Significant effort has been spent trying to understand and model TED. [3] [4] [5] [6] [7] TED is known to arise from implantation induced damage which evolves into a supersaturation of interstitials subsequent annealing. These excess interstitials can enhance the boron diffusivity through interstitial or interstitialcy mechanisms; thus understanding the evolution of these excess interstitials is critical to modeling of TED. The excess interstitials that are not bound to dopants are initially trapped in small clusters 8 and subsequently grow into extended defects, including dopant clusters, 9 ͕311͖ defects, 10 dislocation loops, 11 etc.
Recently, Eaglesham et al. 10 and Stolk et al. 12 have
shown that for a 40 keV, 5ϫ10 13 /cm 2 Si implant the excess interstitials driving TED originate from the dissolution of ͕311͖ defects upon annealing. The time and temperature of TED coincided with the ͕311͖ defect dissolution process leading them to conclude that ͕311͖'s were the source of the TED. Cowern et al. 13 have also claimed that for a relatively high implant dose ͑у10
13
/cm 2 for 50 keV Si͒, TED can be attributed to interstitials emitted from ͕311͖ defects. However, these results were for self implants into undoped regions. Zhang et al. 9 have reported TED occurs in samples implanted with 4 keV, 1ϫ10 14 /cm 2 boron where no ͕311͖ or any other extended defects were observed. Their results implied that there may be more than one source of interstitials for TED when dopants are in the implanted region. The purpose of this work was to study TED from Bϩ implants alone as a function of implant energy. Transmission electron microscopy ͑TEM͒ is used to determine the microstructure upon annealing. By increasing the energy, it is shown that one can go from a region of no ͕311͖ defects to a region of high concentration of ͕311͖ defects for the same dose. The interstitial release from the implanted region was studied by measuring the enhancement in the diffusion of boron in ␦-doping superlattices.
14 By comparing the defect and diffusion behavior, it is shown that formation of ͕311͖ defects dramatically increases the duration of TED. 
II. EXPERIMENT
Boron ␦-doping superlattices were grown by low temperature molecular beam epitaxy ͑LTMBE͒ on float zone Si͑100͒ substrate with boron doped to a resistivity of 1000 ⍀ cm. 15 The samples contain six 100-Å-wide box shaped boron spikes with a separation of about 1000 Å and a peak concentration of about 1.4ϫ10 18 /cm 3 . This low concentration keeps boron diffusion intrinsic for the as-grown control samples during the following anneals and avoids the complication of extrinsic effects. Boron ions were implanted into the superlattices at energies of 5, 10, 20, and 40 keV to a dose of 2ϫ10 14 /cm 2 at a current of 0.1 mA and at room temperature. The samples were then annealed at 750°C for times of 3 min, 15 min, and 2 h in a nitrogen ambient. The temperature error range is estimated to be Ϯ10°C. Due to the finite rise time of the sample temperature, the error range for the 3 min sample could be Ϯ30°C. The initial boron profile as well as the profiles after implantation and annealing were measured by secondary ion mass spectroscopy ͑SIMS͒ with 3.0 keV O 2 ϩ at a current of 50 nA. The raster size was 150ϫ150 m 2 and the analyzed area was 60ϫ60 m 2 . The broadening of profiles was simulated using the process simulator PROPHET. 16 The spikes merged into the implant damage region were excluded from the simulation. Plan-view TEM ͑PTEM͒ samples were prepared from the annealed superlattices using the standard jet etching procedure using HF:HNO 3 solution. TEM micrographs were taken under weak beam dark field conditions using a JEOL 200CX microscope.
III. RESULTS AND DISCUSSION
SIMS profiles of boron in the superlattices are selectively shown in Fig. 1 . Figure 1͑a͒ shows the profiles after 5 keV B ϩ implantation and annealing, while Fig. 1͑b͒ shows the profiles after 40 keV B ϩ implantation and annealing. As can be seen, the higher energy results in a deeper implant profile and a greater enhanced diffusion of the buried boron spikes. The time-averaged boron diffusivities for a particular spike, ͗D B ͘, were extracted by finding the value of D B in the simulation that resulted in the best match between diffused and target profiles. Using the literature value of D B *ϭ0.757 exp͑Ϫ3.46/kT͒, 17 the diffusivity enhancement ͗D B ͘/D B * from the implants was estimated. For the inert ambient annealed control samples, it is expected that no diffusion enhancement occurs, i.e., ͗D B ͘/D B *ϭ1 or ͗D B ͘ϭD B * . In order to test this, an un-implanted DSL sample was annealed in an inert ambient for 2 h at 750°C. The estimation of ͗D B ͘ was done via matching of the SIMS and the simulation. Taking an average over the six different spikes, since ͗D B ͘ is depth independent, ͗D B ͘ is found to be 1.6ϫ10
/s or about two times greater than the predicted value of 7.2ϫ10 Ϫ18 cm 2 /s. This is within the error range of furnace and SIMS analysis accuracy and our knowledge of D B *. 
where C I is the instantaneous self-interstitial concentration at time t 1 and t is the diffusion time. If we assume that the excess interstitials introduced by an implant are trapped in interstitial-containing defects in the initial stage of the annealing, then we can consider these defects as an interstitial reservoir that keeps C I /C I * constant for a short period of time ͑tϽt 0 ͒. If at time tϾt 0 all the interstitial-containing defects have dissolved, then the reservoir is empty and C I /C I * drops abruptly to 1. This process can be expressed as
where E is the supersaturation of interstitials. The integral of Eq. ͑2͒ would then become
͑3͒
From the above equation we can see that ͗D B ͘/D B *Ϫ1 is a constant as a function of time for tϽt 0 and drops approximately as 1/t for tуt 0 . The breaking point t 0 is the time when the interstitial concentration reaches equilibrium value and TED is completed. This is of course a simplified scenario since TED sources do not turn off abruptly, but rather the interstitial supersaturation decays smoothly over the time period studied. limited number of data points we see just one breaking point t 0 for EϾ5 keV. According to the above discussion, TED is completed before 15 min for the 5 keV implanted and within 15 min-2 h for higher energy implants.
The energy dependence of the time-averaged interstitial supersaturation ͗C I ͘/C I * after 3 min and 2 h anneals is shown in Fig. 4 . For the 3 min anneal the interstitial supersaturation near the implant damage region is much higher than that for larger depth and, as a result, the boron peaks near the implant damage region broaden much more than the deeper boron spikes. As time increases, this difference becomes less marked since the longer time allows for the excess interstitials to diffuse to deeper regions. For the 3 min anneal, the overall trend shows ͗C I ͘/C I * decreasing with increasing depth and increasing with increasing implant energy. For the 2 h anneal, the depth and energy dependencies of ͗C I ͘/C I * become much less prominent except for the lowest energy, 5 keV. The reason for the lesser amount and shorter duration of TED at 5 vs 10 keV may be related to several factors, including the source of the interstitials, as will be discussed later. Figure 5 shows PTEM micrographs of 5, 10, 20, and 40 keV B ϩ implanted superlattices after 15 min anneal at 750°C. There were no defects observed after any of the anneals for the 5 keV implanted samples. The ͕311͖ defects were observed in the higher energy implanted samples, with the average defect size increasing with increasing implant energy. The ͕311͖ defects dissolve very fast. After 3 min, the defects occur as small clusters and very short rods. After 15 min, the ͕311͖ defects coarsen into rods with a reduction in density. After 2 h, the ͕311͖ defects dissolve completely in the 10 keV B ϩ implanted sample, while in 20 and 40 keV samples, they continue to grow to form longer rods or unfaulted dipoles.
It is important to note that, although there are no ͕311͖ defects in the 5 keV B ϩ implanted material, TED of boron does occur. For this 5 keV sample annealed at 750°C, for times of 3 min-2 h, the diffusivity enhancement reduces from 980 to 17 for the second shallowest spike and from 100 to 11 for the deepest one. Because of the relative proximity of the implant damage to the surface at this low energy, a large part of the interstitials could be attracted to the surface so that the supersaturation of remaining interstitials is not sufficient to form extended defects. In addition, the increase in boron peak concentration with decreasing implant energy can lead to the increase in the formation of B-B pairs which form the clustered fraction of the as-implanted profile. These clusters are believed to decrease the number of interstitials that form by reducing the number of boron atoms that move onto substitutional sites. 18 The results of Haynes et al. 18 suggest that boron concentrations above 1ϫ10 19 /cm 2 are sufficient to prevent ͗311͘ formation from a Si ϩ implant. All of these B implants had some fraction of their implant profile above this concentration and the bulk of the profiles showed no motion consistent with clustering. Thus it is possible that increased surface interaction and increased clustering are both contributing to the lack of ͗311͘ formation. Despite the fact that ͗311͘ defects do not form, excess interstitials still exist and can diffuse into the bulk resulting in enhanced dopant diffusion. Zhang et al. 9 have previously reported that TED was observed in 4 keV 1ϫ10 14 /cm 2 B ϩ implanted Si without the existence of ͕311͖ defects. They attribute the source of interstitials driving TED to submicroscopic clus- ters, i.e., mobile boron interstitial complexes, which break up during annealing and provide interstitials for TED. They determined the duration of TED by noting when TED stops within the bounds of the SIMS resolution, and their TED saturation was 3-13 min at 750°C, much shorter than others have reported for TED saturation with ͕311͖ defects. These values are very consistent with the TED saturation time discussed in Fig. 3 for the 5 keV B ϩ implant. It is possible that the TED observed for the 5 keV sample arises simply from the formation of boron implant B-I pairs 19, 20 immediately after implantation and the duration for TED is simply the time necessary for these defects to break up and the excess interstitials to recombine either in the bulk or at the surface. However, it is proposed that when ͕311͖ defects exist, because their dissolution process provides interstitials for the formation of mobile boron-interstitial complexes, TED continues for much longer periods of time. Thus as implant energies decrease, the dominant mechanisms controlling the duration of the TED process also change from one controlled by ͗311͘ defects to one controlled by nonvisible B-I complexes.
IV. CONCLUSIONS
In summary, boron ␦-doping superlattices have been used to study the effect of implant energy on TED in B ϩ implanted samples. Higher implant energy ͑Ͼ5 keV͒ causes more total diffusion enhancement and longer transient diffusion time. For implant energies у10 keV, ͗311͘ defects are observed in the microstructure and their concentration increased with implant energy. The 5 keV implant showed no ͕311͖ defects after annealing but did show boron TED. A critical distance between the damage region and the sample free surface is believed to exist, below which surface recombination plays an important role in reducing the total number of interstitials in the bulk sufficiently to prevent formation of ͗311͘ defects. When ͗311͘ defects do form, the duration of TED is dramatically increased.
